Several possible binary complexes among ammonia-borane, aminoborane, and ammonia, via hydrogen and/or dihydrogen bonds, have been investigated to understand the effect of different hybridization. Møller-Plesset second-order perturbation theory with aug-cc-pVDZ basis set was used. The interaction energy is corrected for basis set superposition error, and the MorokumaKitaura method was employed to decompose the total interaction energy. Like H 3 BNH 3 , the sp 2 hybridized H 2 BNH 2 also participates in H-and dihydrogen bond formation. However, such bonds are weaker than their sp 3 analogs. The contractions of BN bonds are associated with blueshift in vibrational frequency and stretches of BH and NH bonds with redshift. The polarization, charge transfer, correlation, and higher-order energy components are larger in dihydrogen bonded complexes, compared to classical H-bonded ammonia dimers.
INTRODUCTION
The study of hydrogen bonding has been an active field of research for several decades, 1-4 and its role is well established in the stabilization of biological macromolecules, enhancing the selective binding of substrates to their enzymes, base pairing in nucleic acids, and as a precursor to proton transfer reactions. H bonds are represented by the notation X -H¯Y , where X and Y refer to conventional proton donors ͑such as O-H or N-H͒ and acceptors ͑a lone pair of electrons of an electronegative element, such as O, N, or halogens͒, respectively. Hydrogen bonds that make use of other than these donors and/or acceptors are commonly termed unconventional H bonds. Different types of unconventional hydrogen bonds have been reported 5 during the last decade. For example, -hydrogen bonds [6] [7] [8] [9] [10] ͑where the acceptors correspond to electron density͒ and C-H¯O/N bonds [11] [12] [13] ͑where the donors are C-H͒ have been described. We have recently reported 14 a comparative study of these three sorts of H bonds involving aromatic amino acids and H 2 O.
In all these X -H¯Y H bonds, the bridging hydrogen atoms lose electron density while X ͑C, O, N, etc.͒ and Y ͑O, N, halogens, and systems͒ atoms gain. The literature also contains references to a completely different type of hydrogen bond, where the bridging hydrogen atom gains electrons and other nonhydrogen atoms accept them. For example, X -H ␦Ϫ¯Y is such a bond where X and Y represent electron deficient or electropositive atoms, such as LiH, BeH 2 , and BH 4 Ϫ . This type of hydrogen bond is termed ''inverse'' H bonds. 15 Such a bond, involving bridging lithium atom ͑such as Li-H¯Li-H) as in linear (LiH) 2 , is also known as an Li bond. 16 Another class of unconventional H bonds where both kinds of hydrogen atoms (H ␦Ϫ and H ␦ϩ ) are present are known as dihydrogen bonds ͑DHB͒. 17 They are represented by the notation M -H¯H-Y , where M refers to an element less electronegative than hydrogen and Y to a conventional electronegative atom or group. Transition/alkali metals and boron are typical elements that create partially negatively charged hydrogens. Transition-metal (M ) complexes involving M -H¯H-B types of interaction are already in the front line of theoretical and experimental investigations. 18 -25 Such dihydrogen bonds were identified in several x-ray crystal structures, 17, 26, 27 in solution, 28, 29 and the gas phase. [30] [31] [32] Like conventional H bonds, the dihydrogen bond is gaining attention because of its role in the synthesis of supermolecules, reactivity, and selectivity in solution, gas phase, and in solid state, and in designing catalysts for asymmetric hydrogenation. Some attempts have also been made to investigate dihydrogen bonding exhibited by molecules involving main group elements, such as LiH, HBeH, BH 3 , AlH 3 . 20, [33] [34] [35] [36] [37] [38] [39] [40] [41] Recently Custelcean and Jackson 42 reviewed the energetic and geometric aspects of various dihydrogen bonds.
Several structural and energetic similarities have been observed between the conventional H bond and the dihydrogen bond. The noncovalently bonded H¯H distances in M -H¯H-X (M ϭtransition metals, B, Li, etc.͒ systems typically range from 1.7 to 2.4 Å-similar to H¯Y distances in conventional H bonds. The heats of interaction for these systems also lie within the range of typical H bonds, viz. 3-10 kcal/mol. The linearity of normal H bonds ͑i.e., the X¯H-Y angle is close to 180°) is also preserved in unconventional H bonds. The H¯H-X angles generally lie within 160-180°. However, the M -H¯H angles are found to be strongly bent, falling in the range of 95-130°.
The first theoretical investigation on dihydrogen bonding of the H 3 BNH 3 dimer by Richardson et al. 17 showed that the structure is cyclic and of C 2 symmetry, with two B-H¯H-N bonds. Popelier 43 Using extended levels of theory, they found the C 2h structure of (H 3 BNH 3 ) 2 to be the global minimum, whereas the other dimers have C 2 symmetry. Further, the H-bond energy decreases from boron to gallium in this series.
Most of the systems involving M -H¯H-N bonds considered so far contain sp 3 hybridized N and M (AϭB, Al, etc.͒. Very recently, Aime and co-workers 29, 45, 46 reported Os-H¯H-N bonds where imine ligands ͑such as HNvCPh 2 and HNvCHCH 3 ) are coordinated with an osmium complex. Different H¯H distances have been reported by these authors, such as 1.79 Å in the crystal structure ͑x-ray data͒ and 2.00 Å in solution ͑NMR data͒. A similar DHB bond is slightly longer in other amine complexes. 29, 47 They also observed that the dihydrogen bond distance strongly depends on the polarity of the solvent. 29 They concluded that, when typical H bonds are not present, weaker unconventional dihydrogen bonds become important in driving the stereochemistry of the complexes. Other examples 26, 48 of dihydrogen bonds such as Ir-H¯H-N also seems to have sp 2 nitrogens because of planarity at N due to delocalization of lone pairs. Thus it looks as though dihydrogen bonds, where the proton donors (vN-H ␦ϩ ) are sp 2 hybridized, also play an important role similar to their sp 3 counterparts. However, the influence of the hybridization on several aspects, such as structure, energetics, etc., of dihydrogen bond is still unknown.
In the present investigation, we explore the possibility of dihydrogen bond formation in compounds where both B and N are sp 2 hybridized. In addition we also consider complexes arising from the combination of different types of hybridized H n BNH n molecules, where nϭ3 (sp 3 ) and 2 (sp 2 ) forming B-H¯H-N bond͑s͒. Complex formation of H n BNH n molecules with ammonia via conventional N-H¯N bond has also been studied for the purpose of comparison. Along with the energetic aspects of the interaction, structural and spectroscopic markers are computed using a high level of theory.
METHOD OF CALCULATIONS
The structures of the monomers and complexes studied herein are obtained at the level of Møller-Plesset perturbation theory ͑MP2͒ with frozen core approximation. 49 Dunning's correlation-consistent polarized valence-double-zeta ͑aug-cc-pVDZ͒ basis set 50, 51 augmented by diffuse functions is used throughout. A previous investigation 44 indicated that this basis set, without diffuse functions, is quite adequate to describe the structure and stability of dihydrogen bonds involving boron and nitrogen atoms. Geometries are fully optimized without any symmetry constraints. Vibrational analyses at the same level ͓MP2͑FC͒/aug-cc-pVDZ͔ have been performed to identify true minima. Interaction or dimerization energies (⌬E) are obtained as the difference between the energies of the complex and monomer units, and corrected for basis set superposition error ͑BSSE͒ via the standard counterpoise method. 52 The energy of dihydrogen bonds (E DHB ) is estimated by dividing ⌬E by the number of such H¯H bonds in the complex. Charges on individual atoms were calculated using natural population scheme. 53 All calculations have been carried out using the GAUSSIAN98 ͑Ref. 54͒ package of ab initio codes. Total interaction energies were decomposed via the Kitaura-Morokuma scheme 55 as implemented in the GAMESS program. 56 Electron densities and their shifts were displayed using MOLDEN the present investigation additional diffuse functions were added to the cc-pVDZ basis set to better describe negatively charged nitrogen atoms. Addition of diffuse functions in the basis set ͑aug-cc-pVDZ͒ causes slight lengthening of all bonds except B-N, and the bond angles remain almost unchanged. Dihydrogen bond formation of H 3 BNH 3 is accompanied by minor lengthening of participating B-H ͑by 6.0 mÅ͒ and N-H bonds ͑by 8.0 mÅ͒ ͑see Table I͒ , and significant shortening of the B-N bond by 26.0 mÅ. The HBH (114.0°) and HNH (107.7°) bond angles of H 3 BNH 3 remain almost unchanged. The dihydrogen bond distance in H 3 BNH 3 is 1.986 Å and the BSSE corrected interaction or dimerization energy (⌬E) is Ϫ14.1 kcal/mol. Thus each H¯H dihydrogen bond between N(sp 3 ) -H ␦ϩ and H ␦Ϫ -B(sp 3 ) is assigned an energy of 3.5 kcal/mol.
Two different structures were investigated for the H 2 BNH 2 dimer where both B and N atoms are sp 2 hybridized. Dimer D2, where two H 2 BNH 2 units are placed side by side with roughly antiparalled BN bonds, forms two equivalent H¯H bonds. The second possible head-to-tail structure ͑D3͒ exhibits a single dihydrogen bond. ͓A third structure ͑not shown͒ containing two equivalent H¯H bonds in headto-tail arrangements has one negative frequency, and the dihydrogen bond distance of 2.5 Å is larger than the typical range of 1.7-2.4 Å in M -H¯H-X.] The H¯H distance of 2.037 Å in D2 indicates that this dimer can be classified as a dihydrogen bonded system. This complex also exhibits bond angles characteristic of unconventional H bonds: almost linear N-H¯H and highly bent B-H¯H bond. The NH and BH covalent bonds stretch marginally, relative to the monomers, by 1.0-3.0 mÅ. The H¯H distances in D3 differ significantly, one being only slightly longer then the typical R(H¯H) of 2.2 Å. The other HH distance of 3.05 Å suggests a nonbonding contact.
The change of hybridization from sp 3 to sp 2 causes significant lowering in dimerization energy. The ⌬E value is only Ϫ2.1 kcal/mol for structure D2, which exhibits two equivalent H¯H bonds. Thus each dihydrogen bond has an energy of about 1.0 kcal/mol, which is about one-third that of sp 3 hybridized D1. The E DHB of singly H¯H bonded D3 is found to be 1.3 kcal/mol, which is close to that of D2. The H¯H distance of D1 is elongated by 0.05 Å in D2 and 0.23 Å in D3, and this lengthening may not be attributed solely to the change of hybridization. The other factor involved is the number of such dihydrogen bonds: four in D1, two in D2, and one in D3. As the number of attractive interactions between N ␦Ϫ -H ␦ϩ and H ␦Ϫ -B ␦ϩ increases, the monomers come closer.
Several different dihydrogen bonded HBNH (sp hybridized͒ dimers have been considered: antiparallel ͑similar to D2 structure͒, head to tail, L shape ͓ϽB-H¯H(N) ϭ90.0°͔, and a bent form where ϽB-H¯H(N) varied from 90 to 130°. In all these cases, the HH interaction is repulsive and it appears that sp hybridized HBNH does not dimerize via H¯H bonds. HBNH prefers to dimerize via a B 2 N 2 ring and the dimerization energy is more than Ϫ50.0 kcal/mol. Similar four-membered B 2 N 2 ring structure 65 of sp 2 hybridized (H 2 BNH 2 ) 2 is also stable and the dimerization energy is much higher ͑by about 16.0 kcal/ mol͒ than the most stable dihydrogen bonded structure D2.
Mixed dimers
The first mixed dimer considered is the combination of sp 3 
Complexes with NH 3
Several possible combinations of H n BNH n ͑nϭ3 and 2͒ with NH 3 via both dihydrogen and conventional H bond were considered. Four arrangements have been investigated for both H 3 BNH 3 -NH 3 ͑D7-D10͒ and H 2 BNH 2 -NH 3 ͑D12-D14͒ and these dimers are shown in Figs. 3 and 4 , respectively. For the sake of comparison, the N-H¯N H-bonded ammonia dimer ͑D11 in Fig. 3͒ was also studied.
Complete geometry relaxation during optimization of H 3 BNH 3 -NH 3 leads to the D7 structure, where both dihydrogen and regular H bonds exist. In this dimer the NH 3 molecule acts as both proton acceptor as well as donor. A similar structure for H 3 BNH 3 -NH 3 was obtained by Li et al. 66 using MP2/6-31ϩϩG**. The H¯H distance of 2.5 Å is beyond the typical limit for a dihydrogen bond. However, a distance of 2.4 Å between the OH proton and the Ir-H has been reported by Stevenes et al. 67 ͑It may be noted that the MP2 distances are slightly longer than the experimental values.͒ The interaction energy of Ϫ8.7 kcal/mol was reduced to Ϫ7.0 kcal/mol when the dihydrogen bonds of D7 were removed, as shown in D8. The R(H¯N) lengths in D7 and D8 are very close, while the R(NN) distance increases by about 0.08 Å in D8. The major change is found in the opening of the N-H¯N bond angle in D8 by about 27°, compared to D7. The energy cost of a similar reorientation in (NH 3 ) 2 is found to be less than 0.5 kcal/mol. 4 Thus the two H¯H bonds of D7 appear to contribute a small fraction of the total interaction energy, despite the large HH separation.
Compared to ammonia dimer ͑D11͒, the interaction en- The single H¯H bonded structure D9, between H 3 BNH 3 and NH 3 , was obtained by freezing the B-H¯H angle at 180.0°. It may be noted that this structure is not a local minimum. Nevertheless this interaction is attractive and the interaction energy is Ϫ2.1 kcal/mol. The effect of the B-H¯H angle on R(H¯H) and interaction energy of single dihydrogen bonded H 3 NBH 3 -NH 3 has been studied by varying ϽB-H¯H from 80°͑D10͒ to 220°via 180.0°͑ structure as shown in D9͒. Except R(H¯H), all other geometric parameters were kept constant as obtained in D9 and the N-H¯H angle was fixed at 170.0°. Moving ammonia from D10 arrangement to D9, has practically no effect ͑less than 0.5 kcal/mol͒ on total interaction energy. The energy variation with B-H¯H angle crosses through two minima at 100.0 and 180.0°. The H¯H distance remains almost unchanged until the B-H¯H angle reaches 120°, after which further bending of this bond causes stretching of R(H¯H). Moving of NH 3 molecule in the other direction ͑i.e., towards the other nitrogen͒ lowers the E DHB ; the maximum change of about 1.3 kcal/mol occurs at 220.0 and the R(H¯H) value changes marginally. The most stable structure of H 2 BNH 2 -NH 3 is D12 ͑as shown in Fig. 4͒ . The interaction energy of Ϫ4.5 kcal/mol originates primarily from the conventional N-H¯H-H bond. This H-bond energy is almost half of that of H 3 BNH 3 -NH 3 ͑D7͒. However, it is stronger than that of the ammonia dimer ͑D11͒. The NN and H¯N distances of D12 are almost intermediate between D7 and D11. Similar to D7, one of the hydrogens of NH 3 of D12 is oriented towards one of the H atoms of BH 2 . However, the distance of 3.14 Å is too long to designate it as dihydrogen bond. Single dihydrogen bonded H 2 BNH 2 -NH 3 ͑D13͒ was obtained by fixing B-H¯H angle at 180.0°. The H¯H bond energy is less than 1.0 kcal/mol. Dependence of R(H¯H) and dihydrogen bond energy on the B-H¯H angle is verified by varying this angle from 90°͑D14͒ to 220°. The N-H¯H angle was kept fixed at 170.0°. The dihydrogen bond energy is even less sensitive on such wide variation of ϽB-H¯H, compared to its sp 3 correlate. However, one minimum in the PES is located at 100.0°. The H¯H distance remains close to 2.2 Å until the angle reaches 120.0°. Further motion of ammonia towards the other hydrogen of BH 2 ͑one such structure is D14͒ causes larger separation between proton donor and acceptor.
Electron density shift
Upon classical H-bond formation, a certain amount of electron density transfers from the proton acceptor to the donor molecule. 4 In addition, there are some rearrangements of density within the confines of each monomer. In this section, we compare the electronic changes that accompany the formation of the dihydrogen bond with those within a conventional H bond. In order to avoid the arbitrariness of population analysis schemes to assign charge to various nuclei, maps of electron density shift in the entire space of the complex are used.
The shifts of electron density that result from the formation of the classical H bond in ammonia dimer ͑D11͒ are illustrated in Fig. 5 . This map has been generated, point by point in space, by taking the difference between the densities in the dimer and isolated monomers. Blue regions of Fig. 5 represent the accumulation of additional electron density as a result of H-bond formation; red regions indicate loss of density. The most common feature of conventional H-bond formation includes the red region that surrounds the bridging hydrogen atom, consistent with the well-established notion that this bridging hydrogen loses density. The regions of charge buildup on the near side of the proton acceptor, between bridging hydrogen and nitrogen, and peripheral regions of the donor molecule are also common for typical H bonds. The overall charge transfer from proton acceptor to donor is about 0.014 electrons, as measured by natural population analysis.
The density difference plots of (H 3 BNH 3 ) 2 and (H 2 BNH 2 ) 2 are shown in Fig. 6 . In both cases, each monomer behaves as donor and acceptor at the same time; hydrogen͑s͒ of BH n unit acts as proton acceptor and NH n donates proton͑s͒. Thus overall charge transfer from one monomer to other is nullified by equivalent numbers of dihydrogen bond formation. As in the case of the classical N-H¯N bond, the bridging NH proton of both monomers loses density ͑red regions͒. The blue regions near the proton acceptor BH hydrogens are similar to that of the acceptor nitrogen in ammonia dimer. In general, the patterns of gain and loss of electron density are qualitatively similar for both types of H bonds. Differences of magnitude of charge build up and depletion are very roughly proportional to the interaction energies of each complex.
The same pattern extends to the mixed dimers, wherein one of the monomers is sp 3 hybridized while the other is sp 2 . The density difference between the most stable mixed dimer D6 and constituent monomers, with more than one dihydrogen bond, is plotted in Fig. 7͑a͒ . Since these H¯H bonds are not equivalent, as in the cases of (H 3 BNH 3 ) 2 and (H 2 BNH 2 ) 2 , the sizes of the blue regions of charge gain near proton acceptor hydrogens of BH n are also different. The pattern around the H 3 BNH 3 molecule in mixed dimer D6 is similar to that in the H 3 BNH 3 dimer D1. Similarly, the H 2 BNH 2 patterns in D6 and D2 are also not very different. The charge shift from the sp 2 monomer to the sp 3 is only 1.0 millielectron ͑me͒ as measured by natural population analysis.
In order to examine the possibility of a -hydrogen bond, the H 2 BNH 2 -NH 3 ͓Fig. 7͑b͔͒ complex has been arranged such that the H-N bond of ammonia approaches the BvN double bond of H 2 BNH 2 from above. The optimized distance between the hydrogen and the mid-point of the BN double bond is 2.65 Å, close to that found in D6. The density difference plot of this complex is illustrated in Fig. 7͑b͒ . It can be clearly seen that the blue region, build up near the BvN bond, extends toward the proton, which is a charac- teristic feature of H bonds and the bridging H suffers the usual density loss. The interaction energy between H 2 BNH 2 and NH 3 in this structural form is Ϫ1.5 kcal/mol ͑without BSSE correction͒. Thus the possibility of -hydrogen bond formation cannot be ruled out.
These characteristics of charge shifts upon H-bond formation are also charecteristic of the H 3 BNH 3 -NH 3 and H 2 BNH 2 -NH 3 complexes, as shown in Fig. 8 . It was mentioned in the previous section that H 3 BNH 3 -NH 3 is the only complex where NH 3 acts as both acceptor and donor, at the same time. The red region ͓as shown in Fig. 8͑a͔͒ around the hydrogen of NH 3 , facing the BH 3 segment, further supports this fact. The loss of charge on the same H atom of the sp 2 complex ͓Fig. 8͑b͔͒ is insignificant compared to that of its sp 3 counterpart. In both complexes, the proton acceptor ammonia loses charge: 39 me in D7 and 26 me in D12.
Spectroscopic features
Vibrational frequencies of the monomers and the complexes were calculated at the MP2/aug-cc-pVDZ level and the results are summarized in Table I, along with available  experimental frequencies. 58,59,63 The major discrepancy between theory and experiment occurs in the stretching vibration ͑B-N͒ of H 3 BNH 3 . In fact, the experimental 57 B-N stretching frequency estimates vary between 608 and 968 cm Ϫ1 . ͑It is worth mentioning that the experimental IR spectra of H 3 BNH 3 are somewhat complicated due to the presence of polymeric species in the effusion vapor.͒ The present MP2 frequency of 651 cm Ϫ1 is close to the former value. A value of 671 cm Ϫ1 has been predicted for ͑B-N͒ of H 3 BNH 3 by MP2/6-31ϩϩG**. 66 The BvN stretching frequency of H 2 BNH 2 estimated by MP2 theory is in good agreement with the experimental value ͑in gas phase 63 ͒. In general, theoretical frequencies of BH and NH bonds are slightly overestimated, by a factor of about 1.049, compared to the experimental values.
The changes in BN, BH, and NH frequencies ͑⌬͒ and bond lengths ͑⌬r͒ of the monomers upon H and dihydrogenbond formation are summarized in Table I . The contractions of BN bonds are associated with blueshifts and the stretches of BH and NH bonds with redshifts. Contractions of the B-N bonds are more pronounced than those of BvN, and thus the blueshift of B-N observed in H 3 BNH 3 complexes is larger than in sp 2 analogues. The redshift in both N(sp 3 ) -H ͑Refs. 31 and 32͒ and N(sp 2 ) -H ͑Ref. 46͒ has been recorded experimentally. However, the H-N bond of ammonia shrinks by 0.001 Å in the complex of H 2 BNH 2 -NH 3 ͓see Fig. 7͑b͔͒ and a blueshift ͑redshift͒ of ϩ9.0 (Ϫ8.0) cm Ϫ1 has been found for asymmetric ͑symmetric͒ band of N-H bond.
Energy decomposition
A breakdown of the molecular interaction energy into a number of components can offer insight into the fundamental nature of the interaction. One popular means of such decomposition is via an approach attributed to Kitaura and Morokuma 55 in which the electrostatic energy ͑ES͒ represents the classical Coulombic force between the charge distributions of the two partner molecules. The exchange energy ͑EX͒ is associated with the steric repulsion that arises from the overlap of the monomer charge clouds. The remaining components arise when the two molecules are permitted to perturb the electron clouds of one another. The polarization ͑POL͒ and charge transfer ͑CT͒ contributions represent the energetic consequences of electronic redistributions that occur within the confines of a single molecule and those that cross from one molecule to the other, respectively. The mixing term ͑MIX͒ or higher order coupling arises from the failure of the above four terms to fully account for all aspects of the interaction. Finally, the correction component to the interaction energy ͑CORR͒ contains dispersion as its major contributor as well as additional factors.
The energy components to the interaction energies of the different complexes studied herein are reported in Table II . ͑It may be noted that the sums of these components are slightly higher than the total interaction energies shown in Figs. 1-4 , due to the basis set superposition correction to the interaction energies reported in the figures͒ For the sake of comparison, conventionally H-bonded ammonia dimer is also included in the table. Inspection of the data in the last column ͑D11͒ reiterates the generally accepted notion that the conventional H bond is largely electrostatic in origin, with much smaller attractive contributions from polarization, charge transfer, and dispersion. Exchange repulsion is comparable, although smaller in magnitude, to ES, and of opposite sign. The sum of ES and EX terms is slightly attractive (Ϫ0.26 kcal/mol). The dipole-dipole interaction is only 15% of the full ES suggesting it furnishes a very poor ap- proximation. A small repulsive contribution arises from the MIX component.
In H 3 BNH 3 dimer ͑D1͒, where the interaction energy resides in the four equivalent B-H¯H-N dihydrogen bonds, the POL, CT, MIX, and CORR terms contribute significantly. Such high contribution from the polarization energy ͑75% of the ES͒ is connected with considerable shift in electron density within the monomers ͓see Fig. 6͑a͔͒ . The CT contributes about 35% of ES. ͑By symmetry, there is no total charge shift from one monomer to the other.͒ A closer look at the natural charges of the monomer reveals that 0.33 electron shifts from the H 3 N unit of H 3 BNH 3 to BH 3 because of the dative H 3 N→BH 3 bond. The amount of charge transfer within the monomers increases to 0.36e upon complexation. The electron correlation ͑CORR͒ term is almost of the same magnitude as CT, whereas the contribution from higher-order term ͑MIX͒ is repulsive and is almost double CORR.
The exchange repulsion of D2 does not follow the same trend as found in conventional H bonds. In this sp 2 hybridized H 2 BNH 2 dimer, the EX is significantly larger than ES. The EX of D6 is only slightly larger than ES when one monomer is sp 2 while the other is sp 3 . Thus it appears that dihydrogen bonds involving vN-H and vB-H are different from the classical H bonds. Exchange repulsion energies of D7 and D12 follow the similar trend as noted for ammonia dimer. The sum of ES and EX results in a positive value ͑repulsive͒ for D2 and D6.
POL and CT follow different trends: for D1, D6, and D7 POL is greater than CT, while for the rest of the complexes ͑D2, D12, and D11͒ this trend is reversed. The former three complexes contain H 3 BNH 3 , while this molecule does not occur in the latter three dimers. Similar to D1 as described above, the geometric distortion ͑see Table I͒ and significant changes of electron density ͓Figs. 7͑a͒ and 8͑a͔͒ within each monomer of D6 and D7 are associated with higher percentage of polarization energy contribution.
Competing effect between sp 3 and sp 2 hybridization
In the above sections, discussion was mostly concentrated on the most stable isomers of DHB and H-bonded complexes. Since those dimers are mostly associated with multiple N-H¯N and N-H¯H-B bonds, the competing effect between different hybridizations on such bonds may not be assessed correctly. To understand the effect of hybridization on dihydrogen and H bonds, interaction energies, geometric parameters, and vibrational frequencies of single N-H¯N and N-H¯H-B bonded systems are summarized in Table III .
The upper section of this table shows different properties of conventional N-H¯N H-bonded complexes between sp 3 hybridized H 3 BNH 3 and ammonia, and sp 2 hybridized H 2 BNH 2 and ammonia. For the sake of comparison, ammonia dimer is also included. The strongest H bond is found in H 3 BNH 3 -NH 3 , followed by H 2 BNH 2 -NH 3, and then (NH 3 ) 2 . Thus the presence of BH 2 and BH 3 group enhances the stability of the N-H¯N bond. R(H¯N) distance elongates as the bond gets weaker. The stretches of donor H-N bonds are associated with redshifts. These changes are greatest in the strongest H-bonded D8 dimer in the group, and decrease as the bond weakens.
The properties of single B-H¯H-N dihydrogen bond formed by different hybridized B-H ͑N-H͒ with a common N-H ͑B-H͒ are grouped in the next section. The first group represents DHB between sp 3 and sp 2 B-H, and N-H of ammonia. As in the case of the conventional H bond, change of hybridization from sp 3 to sp 2 lowers the dihydrogen bond energy. Comparison of D9 with D8 and D13 with D12 indicates that conventional N-H¯N bonds are much stronger than N-H¯H-B bonds. Both sp 3 bonds, stronger DHB's are associated with shorter H¯H distance, and a near linear relationship exists between R(H¯H) and ⌬E.
